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MOLECULAR THEORY OF SOLUTIONS AND EXTRACTION
OF METALS AND ACIDS BY ASSOCIATED REAGENTS

‘Ye, V. Komarov

During the invéstigation of extraction of actinide and othér
elements and acids by Such associated reagents as organophosphorous
acids, thé salts of aminés and others, frequéntly depéndencés of
the coefficients of distribution of substance on the éoncentration
of the éextracting reagent are observed which are very simple in
overall nature. There is Surprise in the fact that, for éxamplé,
the extraction of nitric acid from an aqueous so6lution of nitrates
of amines can be described within the framework of thé simplést
stoichiometric relationships without taking polymerization into
account [1], without taking into accdunt the strong deviation of
the behavior of such solutions from thé laws of behavior of ideal
solutions. Just as inéomprehensible (from the point of view of
customary concepts) are the linear dependences (in logarithmic
scale) of the coefficients of distribution of différent métals on
the concentration of reagent in the casé of extraction by amineés
[2-8], monoalkyl= and monoarylphosphoric acids [9-13].

Attempts at taking polymerization into account should unavoid-
ably lead to consideration of the sum of reactions of the form
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whére M - acid, salt o6r ion of the metal, A, = r=mer of theé rea-
gent, Kif ~ equilibrium constants of the correéspénding reactions.
In this case the expresSsion for the coefficient of distribution M
should includé the following sum

w. fa -1 [ A T
D ol 14, T K
n X

where a, - activity of M in the aquédus phase, fAf,j - concentration
of r-mér in the organic¢ phase, YMir = aétivity coefficient of a
compléx of thé composition MiAr, Y, - coefficients of aétii{iﬁy of
the r-mer of reagent A.

In order to describe éxactly thé concentration depéndénceé of
the coefficient of distribution of particles M, it is nécéssary to
Know, in addition to the variables K;p» the dépendencé on gross-
concentration of the réagent of the content of different assodociates

EAPJ and the variables -~  for the different compléxés and

in,,
associates. The selection of spécific conditions for carrying out
the expériméent makes it pdssible at least to find the concentra-
tions of EArj by independent methods of physicochemical analysis.
The experimental determinafion of the coefficients of activity of
individual associates and complexes is just as difficult (or even
impossible) a problem as thé determination of the absolute activi=
ties of the individual ions of thé electrclyte. Thereforé for the
caleculation of the variable é%: we havé no other routé except
theoretical calculation,

Selection of the molecular-statistical model. Molecular
theor ies of associated solutions developed rapidly especially in
the fifties. The successes in this aréa were reflected in a number
o monographs and reviews [13-18]. 1In analyzing the depéndences
of thermodynamic functions on the composition of associated solu=

2.
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that thé sign and magnitudé of thermodynamic functions of mixing
in systems with strong directed bonds betwéén the moléculés are
détérmined mainly by the change in thé numbér of such bonds durirg
This shows

that out of the different variants of molecular theories of
associated solutions that one should be selected, in which in the
econstruction of thé statistical sum of the molecular mixture in
an évidént form the formation of associates and solvatés is taken
into consideration [13, 19-21]. Sincé such a route takes into
account thé c¢ontributions from the changé in internal energy and
the orderlinéss of molecules in the system, then corrections for
the effects of a sécond ordér of sSmallness, conditioned by the
change in thé molecular environment of associates and solvates with
the change in the composition of the system, can be found on the
basis of the theory of strictly regular solutions in a zero approx-
imation [16].

The spécial featurés of the seélected molecular-statistical
model of a solution are reflected precisely in thé following record-
ing of the statistical sum of a molecular mixture

(& V)

oy -
Z =g(1\'n. NT)] l 4’1)” - e ad '
D

where the indices D and T are the generalized symbols of the sort
of all possible particles (including associatés and sélvates) in
the system, ND <~ number of particlés of sort D, g(ND, NT) ~ number

of econfigurations of thée mixture, ¥y, - statistical sum based on
the inner states of a particle of sort D, U(ND, NT) - configuration

energy of the system, depending on the number and class of contacts
of all possible particles in the system.

The variable g can be calculated by using Guggenheim's formula
[16], if the molecular complexés are either cyclic or nonecyclic.
In the casé of particles of an arbitrary form a generalized Guggen-
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heim férmula should be uséd [22]. The variable U éan be calculatéd
in the folloewing mannér,

A molécéule of a givén sort D in a geneval casé has surface

R ST R R R,

séctors which aré not équivalént to eaéh other in an energy respect.

Assume € and v are generalized symbols of thé class of contact

sectors of the moléculé, $0 that € can také spécific values of a,

b, ¢, éte., just as v (the second symbol is introduced for indi-

cating thé diffeérence of classés of contact sectors)®

*Here the symbols devélopéd by Barker aré applicable [23].

The share of contact sectors of molecule D i class g is
designatéd by the symbol V¢ . Evidently 5 :

The variable (g, denotes the energy of thé contact, formed by the

contacét sectors of classées € and ¥ of particlées of the samé or
different sorts, Thée overall number of all possible contacts will
be équal to

AT e | b

~ :j “' -
Q=73 Z IpNp.
¢ 470

Here zqy ~ number of néarést neighbors of a moleculé 6f sort D,

7z - coordination number 6f thé lattice.

Thé share of contact sectors of class £ of all the particles

in the solutién will be equal to

T o Vo 2)

V= EQDND

.

It is easy to show that the ovérall number of contacts of type
(€-Y) will be equal to QVpV,, and their energy QV.V,-Ug,.
The dépendence of the configuration energy on éomposition of

the solution will be expressed as:

U(Np V=0 ZViFse U (3)

U I 0 < T s b el s - - =
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The Gibbs thermodynamic potential for a condénsed system can be
found from (1):

Gm-‘-‘-k?'[lﬁg(lvﬁ. N.i.)q:zlvb 1n¢5:f2ﬂ§;.—&'2]_. (4)
_ D . :

R AT SR

Sincé U(Np» Np) is determinéd by the relationships (2) and (3), and
Ing(Ny, Ng) by formula [22]

S RN R 3 (rp=1)Np, . )
D R Al ==p
Sw=9% -

whére 6)13 ~ numbér of méthods o6f arrangemént of thé molecule on
the quasi-lattice pdints of thé solution in the case of the same
fixed statistical segment, 0"y = coefficient of symmetry, r = number
of statistical segments of the moléculée, then the ¢chémical poten=

tial of a particle of sort D is determinéd by the equation (cyclié

structures of the associates and sélvates are absent)

_ . D LIV 3 \
Bp =T {—-ln:;%-l-‘lnlvp-;'ﬂb In Zqﬁh’ﬁﬂ; rf,(%—-i)lnzrnlvn}'!"
D D .

+ %ép 2‘, U, ,(VDV 4 VDV, =V V).
v’ (5)
Depending on the method of expression 6f the composition of

the solution and the selectidn of the standard state 6f thé com-~

ponent, expression (5) will acquire a different form. In the
majority of works on extractlion they use the molar concentrations

as the method for expréssing thé composition of phases. Therefore,

in this case there is sense 1n expressing the content of particles

in the system in moles per liter, and as thé standard state to
select a solution which possésses the properties of an infinitely




dilutéed solution.
of Sort D can be calculated using the following formula:

Thén the coéfficient of aétivivy of a particle

l ‘I\( H
TR T — L
s 3‘ -ty

- 2 N '\l., ' . .
(‘z )+ ]HII B2, =y vl e = 1) = (0, - v $r9)),

(6)

- molar congentration of particles of sort D, and thé

7where«cb

indéx S denotes the sort of particles which form the sélvent.

Numérical appraisals using formula (6) are possiblé for

specific systems and specific conditions of the expeérimént. Here

we will considér only twd important examplés: a solution of

monooctylphosphoric aéid in CClu and a $6lution 6f tridétylammonia

nitrate in benzene.

Numérical appraisals. Thé systém mono-N-octylphosphoric
acid (A) - complex (B) = CC  .). Since an ion of the metal in
its dimensions is considerably smallér than the dimensions of

molecules of A and S, and the dimensions o6f A are approximately
twicé the dimensions of S, then r
tion of A) and ro=l.

Using expreéssion (6), wé obtain

2o ) 13

(M~ v:‘)(V. =V

Ar=rMir=2r (r - degree of associa-

S AV~ VA (r, = VE) +

(N

We will introduce specific designations for the classes of
contact sectors: a - for actyl radicals, p -~ for phosphate groups,

m = for phosphate groups in which at least part of the ions of

hydrogen are replaced by the ions c¢f metal, and s - for molecules

of carbon tetrachloride. Then expressions (7) acquires the form
!

Ig “‘Mrir =i(z=8) 5 ;“ [VaUgm~ Unp) - Vo (Upn—=Upp) +
Vi (Ui = U+ (Ve = 1) (Vg = U - (8)
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It follows from formula (8) that the ratio of activity coef=
ficiénts being éonsidered in this case doeés not dépend on r, but
evidéntly depends on i = the numbér of particles M, entéring into
the composition of the given complex, which should be takén into
acéount during summation.

For évaluating the interval of possible changes l;ﬁ. we
will usé the following simplifications: Ums»'Ups Uam —Uép~m and

Umm Upm Upm Upp‘ Theé degrée of polymerizatién of mono=N-octyl=

phosphoric acid is great [24]. Therefore, instead of (8) we get

w“&_ Lo, =3e
g --l(~-—')\1‘,l)" ‘735z, ’tT (—1), (9)

whére CA =~ total conceéntration of A in the organic phase zand

U wmm U ot
§= g,
ms P

Evaluations of thé variablés, analogous to @ , which were
obtained in a number of works [25-30], showed that the value z+:c<?
in modulus does not exceed 300 cal.-molé™t., On the other hand, in
the work of Trét'yakov and Rudakov [31] it was found that in the
most diverse ligquids, in which strong hydrogen bonds are abseént,

the free energy of intérmolecular interactions lies in the interval
from 3 to § kcal°mole;l. This interval answers to a change in
from 0.6 to 1.7.

The results of calculations baséd on equation (9) with

300
49*'* 6¢'7)'”9'7 and t=25° ¢ are given in Table 1.

It follows from the results of the calculations given in Table
1 that in an interpretation of experimental data based on the dis=
tribution of metals in extraction systems of the type being consid-
ered in a general case one cannot disregard the change in thé ratio
YMir/¥r with a concentration of extracting reagent CA)rl mole~l“l
and with i>1.
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Table 1 -
- - - - _ l';'_ .
Gréatest possible vadlues 6f thé modulus of variable 5 T for
différent coordination numbérs of a auasi-lattiée 1liguid

som e e v memr e o S oo hd -
/ 5 3 )
<,>c @ Mozyns g MU0 npy i =1
A D
(v M) S —————
2=6 =142 ==

[ ————

0.01 0.0001 0.0003 0.0008
0.05 0.0007 0.0016 "1 0.0028
0.1 0.0014 0.0032 0.0056
0.5 0.0020 0.0458 0.0280-
10 0.0150 0.0324 0.0560

Key: (1) Cy (in M); (2) Modulus of g i when i=1,

The system nitrate of tri-Neoctylamine (A) - sdlvate (N) =
bénzené (S). During extraction of nitric¢ acid by an amihe salt
a molecule of the nitriec acid, by means of a hydrogén bond, is
connected to a nitrate group of the amine salt, forming a solvate.
Both the amine salt and the solvates apparéently polymerized, al-
though not to & strong degree [1]. A spécial feature of this s¥s=~
tem is that the dimensions of the molecules of nitric acid and
bénzene are close to each other., Consequently, thé Solvatién of
amine salt by nitric acid should be aclompaniéd by growth of the
statistical measurements of the particle. If r, just as previously,
denotes the degree of polymerization of the amine salt or the sol-

vate, then rArés-r, =5.r+1 and rsﬁl. The indices a, n and s

Trir
denote the classes of the contact sectors belonging tc the alkyl

radical, the nitrate group and the molecule of benzene respectively.
In this case eguation (6) acquires the form

I, iz~ 2) . .- R .
By =TT | BN R e VR V=V b

by (Kb Vab g =2V g~ ¥,) — wea (Vale— V)l } .

vwhere w,=U,, ---;-(U“ +U,).
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Table 2 A
Greatest possible values of the fiodulus of W™ oy qifferent

concentrations of amine salt (CA) and nitrié acid (cM), £=25°¢

s : = =S T
@ @ Monyi 1 MU gy

Ir

CA C v
@ M) e SMICA | CMICa

O f s oo ea [Tes |

2= 2 R

S el

0.01 10,001 §0.001 | 0.004 | 0.001 | 0.001 | 0y
0.05 [0.003 | 0.004 | 0.004 [ 0.006 | 0006 | 0.ue
0.4 0.007 10.008 10,009 ] 0.042 | 0,014 { 0017
0.5 0.034 10,038 | 0.043 | 0,060 | 0.068 | v.o3:
1.0 0.067 [ 0.075 [ 0.086 | 0.119 { 0.135 { 0.48.

- . 5 ;s . .
Key: (1) €, (in M); (2) Modulus of 7'  when 11,

Keeping in mind that the numéricdl évaluations aré carried

l, the following
§implifications should bé recognized as permissible:

e 2 i - L - L

V1V3<<V1’ Vi«vi and Wy W0, 40 . From equation (10) we obtain

out for a concéntration of réagent up to 1 molesl”

» L E’ncn .
A i(z--2) D RIS 2§ v
lg —om s 5] Ig? s —W( VutVa)
[ - ‘([‘)LD "" N
D = (11)

The results of the calculations using equation (1ll) are given
in Table 2.

As it follows from the results of the calculations (Tablé 2),
the need for taking into account thé change in the coefficients of
activity arises here at lower concentrations of reagent than in the
case of extraction of metals by mono-N-oetylphosphoric acid. Con-
sequently, any model, intended for explaining data on the distri=
bution of substances in systems with amine salts from the point of
view of chemical events in the organic phase, cannot ignore this
fact,

g2
g
2
g
g
%
£
g
g
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Conélusions

A B A T

1. A variant of a molecular-statistical modél of an organic
solution (extraction system) is proposed which inéludes assoéiated
reagents of the type of salts of alkylammonia and o¥eanophosphoric
acids. The statistico=thermodynamic équations takée into account
the contribution to the chemical potential of a particle in the
mixture of the specific interactions, diménsions and symmetry of
the particles, and also the change in the molecular forée fieéld

of the medium with a changé in thé composition of thé system.

2. On thé basis of equatiens obtainéd for thé systems
mono=N-oc¢tylphosphoric acid—complex—=carbén tetrachloride and
trioctylammonia salt—nitric acid-—bénzene numeérical evaluations

are given for the boundary concentrations whére it is necessary to
také into account the éhange in thé coéfficients of activity of
the séparate molécular individuals in thé intérpretatidn of data
on distribution.

ke e
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